A bright, long gamma-ray burst (GRB) was detected and localized by the instruments on board the High Energy Transient Explorer 2 satellite (HETE-2) at 02:44:19.17 UTC (9859.17 s UT) on 2002 August 13. The location was reported to the GRB Coordinates Network (GCN) about 4 min after the burst. In the prompt emission, the burst had a duration of approximately 125 s, and more than four peaks. We analyzed the time-resolved 2−400 keV energy spectra of the prompt emission of GRB 020813 using the Wide Field X-Ray Monitor (WXM) and the French Gamma Telescope (FREGATE) in detail. We found that the early part of the burst (17−52 s after the burst trigger) shows a depletion of low-energy photons below about 50 keV. It is difficult to explain the depletion with by either synchrotron self-absorption or Comptonization. One possibility is that the low-energy depletion may be understood as a mixture of "jitter" radiation the usual synchrotron radiation component.
Introduction
It has been widely accepted that gamma-ray burst (GRB) emission is produced in a shocked optically thin plasma via the synchrotron process (synchrotron shock model; SSM). The resultant emission spectra is a convolution of synchrotron emission from electrons with distributed energies, and can be described as a broken power-law function with a broad νF ν peak. While the overall spectral shape, particularly at energies around the peak of the spectral energy density and above, depends critically on the energy spectrum of the source electrons, the shape of the low-energy spectrum is bound to converge to a power-law function, dN/dE ∝ E −α , with index α = −0.67, regardless of the source electron spectrum. This is because each of the individual source electron produces emission with the same low-energy asymptotic spectral form, namely a power-law function with an index of α = −0.67. Most of the observed spectra of GRBs are known to be well described by the "Band function" (Band et al. 1993) , which is essentially an empirical functional form consisting of two smoothly connected power-law continua, where the spectral index is more negative at higher energies (Preece et al. 2000) . The Band function has three parameters to characterize the spectral shape: the low-energy photon spectral index, α, the high-energy photon spectral index, β, and the break energy, E 0 . Here, we use the convention that indices α and β are positive in the power-law function, dN/dE ∝ E α , following Preece et al. (1998) . If a photon spectrum produced by the optically thin synchrotron shock is fitted to the Band function, the low-energy photon spectral index, α, cannot be larger than −0.67, because at any part of the SSM spectrum the photon slope is more negative than −0.67 (e.g., Tavani 1996) . Preece et al. (1998) examined the time-resolved energy spectra of over 100 bright GRBs observed by the BATSE experiment on CGRO, and found 23 bursts in which the spectral index limit of the SSM was violated. Since the spectral measurement of GRBs at energies below 30 keV was difficult for BATSE, Preece et al. (1998) used the "effective spectral index" at 25 keV, i.e. the slope of the power-law tangent to the Band function at the chosen energy (25 keV). Furthermore, Frontera et al. (2000) found several GRBs showing a similar low-energy depletion in the range 2-20 keV, especially during the initial part of the GRB by the BeppoSAX.
In this paper we present the spectral observation of GRB 020813 with the HETE-2 satellite. The FREGATE and WXM detectors on HETE-2 cover a wide energy range of 2-400 keV, and are well suited to study the spectral shape in the X-ray regions. GRB 020813 has one of the highest spectral peak energies, E peak , among the GRBs localized by HETE-2 (Sakamoto et al. 2005) . We found that part of its time-resolved spectra exhibits a flat lowenergy slope that violates the "death line" of the SSM. With its long duration, high fluences and characteristic spectra, GRB 020813 presents an ideal case to study the low-energy part of a hard GRB. Because of its unusual hardness (see figure 4), it is also interesting to study the spectral shape at high energies. That aspect will be presented in a separate paper using the data from another spacecraft, which covers energy ranges higher than those available with HETE-2. In section 2, the properties of GRB 020813 observed by HETE-2 are presented, including a detailed analysis of the time-resolved spectra. In section 3, we discuss the possible process that causes the violation of the SSM limit on the low-energy power-law index. In particular, synchrotron self-absorption and Compton-scattering processes are critically examined.
Observation

Localization
The trigger for this event came from the FREGATE instrument, at 02 Fox et al. 2002) inside the WXM error circle, and follow-up observations were carried out by dozens of telescopes distributed around the world. The light curve of the optical afterglow has shown a break at 14 hr after the burst (e.g., Urata et al. 2003) . In the framework of jetted fireballs, this break corresponds to a jet half-opening angle of 1 Covino et al. 2003) . Moreover, optical spectroscopic observations at the Keck observatory have determined its redshift as z = 1.255 (Barth et al. 2003) . Figure 1 shows the WXM and SXC localizations, which are consistent with the location of the OT. Figure 2 shows the complex light curve of GRB 020813 in the four WXM energy bands (2−5, 5−10, 10−17, and 17−25 keV) and the three FREGATE energy bands (6−40, 40−80, and 32−400 keV). There are more than three peaks in the WXM light curve and at least four spiky peaks in the FREGATE light curve. The photon counts in the peaks are higher at later phases. An inspection of the burst light curve in the WXM and FREGATE energy bands shows that the fourth peak is much harder than the others. Table 1 gives t 50 and t 90 durations of GRB 020813 in the 2−5, 5−10, 10−25, and 2−25 keV WXM bands and the 6−40, 40−80, 32−400, and 6−400 keV FREGATE energy bands. Moreover, the timescale of the temporal structure seems to be shorter at higher energies, which is a feature commonly observed in many GRBs (e.g., Fishman et al. 1992 , Link et al. 1993 , Fenimore et al. 1995 . We can see a number of "shots" in the 32−400 keV light curve.
Temporal Properties
Spectrum
Two types of data sets ("burst data" and "continuous data") are provided by the FREGATE detector on board HETE-2 (Atteia et al. 2003) . The burst data are only available when FREGATE triggered on the GRB, whereas continuous, monitoring data are always recorded whenever HETE-2 is operating. In a spectral analysis of FREGATE data, we usually use burst data, since it provides time-and energy-tagged photons with a much finer time resolution (6.4 µs) than the continuous data, which is accumulated every 5 s. However, due to the long duration of GRB 020813, the memory was full and burst data were only available at 0≤ t ≤70 s. Therefore, we constructed the energy spectrum for the remaining part of the GRB by using continuous data over the full energy range of FREGATE (7−400 keV), which was also discrete data and only available during three separate intervals: −120 ≤ t ≤ −40 s, 40≤ t ≤120 s, and 220≤ t ≤300 s (figure 3, left). Note that the differences between the burst data and the continuous data are its time resolution and energy resolution. The quality of the derived spectra is exactly the same for both types of data in the following analysis.
The background level at an arbitrary time was estimated by interpolating the pre-burst continuous data (−120 ≤ t ≤ −40 s; bg1) and the post-burst continuous data (220≤ t ≤300 s; bg2) with a linear function of BG count = 1.13 × 10 4 − 0.87 × t, where t is the time after the burst in seconds (figure 3, right). We then calculated a weighted mean of the bg1 and the bg2 spectra at each time t, and subtracted this from the FREGATE spectral data.
To analyze the WXM data, we used the "TAG data" generated at the burst trigger time in the full 2−25 keV energy range. The background was integrated over 110 s, which was extracted from 118 s to 8 s before a burst. In the WXM spectral analysis, we considered only those events that registered on wires in the X-and the Y-detectors illuminated by the burst. Furthermore, since the variation in the gain is not uniform at the ends of the wires in the WXM detectors (Shirasaki et al. 2003) , we used only the photon counts that registered in the central ±50 mm region of the wires to construct reliable spectra of the burst.
As one can see in figure 2 , the light curve of GRB 020813 shows a very complex structure, such that four distinct peaks, at least, are visible in the light curve. Considering the fast time variability, we analyzed the spectrum of GRB 020813 every 5 s, which is also the limit imposed by the time resolution of the FREGATE continuous data.
Before going into the detailed spectral analysis, we first review the spectral evolution during a burst, by comparing the photon counting rates in the low energy (WXM) band with those in the high energy (FREGATE) bands. The hardness ratio of the fluxes, S γ (30−400 keV) to S X (2−30 keV), is shown in figure 4 (third panel). One can see that GRB 020813 possibly consists of two distinct bursts that may have different physical origins. The border between the first and second bursts is approximately given by t ∼ 60 s. Note that this corresponds to the epoch when the first gradual burst decayed to the initial (background) level, and succeeding flares started to appear in the light curve (figure 2).
We therefore denote the former part as "P1" and the latter part of the flare as "P2", just for convenience. The time intervals for P1 and P2 correspond to 17−52 s and 67−109 s from the burst trigger time, respectively. Note that the peak of P1 shows larger values of S γ (30−400 keV)/ S X (2−30 keV) than that of P2, meaning that energy spectra in the peak of P1 are harder than those of P2.
In a more detailed analysis, we considered three different models to reproduce the observed spectra: (1) a power-law function, (2) a cutoff power-law function and (3) a Band function (Band et al. 1993) . We first fitted the data with a single power-law function, but this model did not represent the spectra well, except in low photon statistics regions. This is because the spectrum of GRB 020813 is not a simple power-law, but bends sharply at high energies, as is often reported in other GRBs (e.g., Band et al. 1993 ). On the other hand, both the cutoff power-law and the Band function provide improved fits for all regions. Due to the limited photon statistics, it is hard to say which model is a better representation of the GRB 020813 spectra for each 5 s segment. We thus fit the time-averaged spectrum with a cutoff power-law and the Band function, and compared their results. When the photon statistics are sufficiently high, the Band function gives a better fit with a reduced χ 2 of 1.18 for 140 dof, compared to 1.33 for 141 dof for the cutoff power-law model. In the following analysis, we therefore use the Band function to discuss the evolution of the spectra for all time intervals. Table 2 presents the results of a time-resolved spectral analysis of GRB 020813. We used the XSPEC version 11.2.0 software package to do the spectral fits. The photoelectric absorption in the direction of GRB 020813 is 7.0 × 10 20 cm −2 (Vanderspek et al. 2002) , which is negligible even in the WXM energy range above 2 keV. Therefore, we do not consider N H as a parameter in the spectral analysis. Figure 4 summarizes the time evolution of spectral parameters together with the WXM and the FREGATE light curves measured at 2−25 keV and 7−400 keV, respectively (the first and the second panels). The time variations of the low and high-energy photon indices, α and β, are plotted in the fourth and fifth panels. The break energy in the spectrum E 0 is given in the sixth panel, and the fluxes measured in the 2−400, 2−25 and 30−400 keV energy bands are plotted in the remaining panels. As shown in figure 4 , GRB 020813 spectra have a clear break around 100 keV, meaning that most of the power is emitted in the hard X-ray and the soft gamma-ray energy bands. For the time-averaged spectrum of P1, we found that S X (2 − 30 keV) = (2.80 ± 0.06) × 10 −6 ergs cm −2 and S γ (30 − 400 keV) = (2.53 ± 0.07) × 10 −5 ergs cm −2 . Thus, the logarithmic fluence ratio, defined as log(S X /S γ ), is −0.96. Similarly, we obtain log(S X /S γ ) = −0.69 for P2, with S X (2 − 30 keV) = (8.20 ± 0.14) × 10 −6 ergs cm −2 and S γ (30 − 400 keV) = (3.99 ± 0.07) × 10
ergs cm −2 . These results confirm that GRB 020813 belongs to the class of long classical GRBs according to the HETE classification method (Sakamoto et al. 2005) . However, we note that log(S X /S γ ) = −0.96 is quite large compared to other GRB populations (Sakamoto et al. 2005) and would be at the extreme end of the classical GRB population. This is also indicated by the unusually depletion of low-energy (below E 0 ) photons observed in P1. In fact, the low-energy power-law indices, α, range from −1.16 to 0.0, some of which are much larger than expected from the "death line" (α = −0.67). We will thus consider the origin of this low-energy depletion in the next section. 
Discussion
Origin of Low-Energy Depletion in P1
As we have discussed in the previous section, GRB 020813 shows a depletion of lowenergy photons, especially in the P1 region. Such flat spectra, exceeding the "death line" (α = −0.67; Preece et al. 2000) , have already been reported in a number of BATSE (Burst and Transient Source Experiment) GRBs, though they were not conclusive due to the limited sensitivity of BATSE at low energies. Frontera et al. 2000 , using the BeppoSAX WFC and GRBM, reported that a few GRBs show significant low-energy depletion in 2-20 keV, though their energy coverages of WFC and GRBM are not completely continuous, and the energy resolution of GRBM was somewhat limited. Therefore, the HETE-2 observation of GRB 020813 presents an independent measurement of a similar characteristic spectra with higher reliability over the wide and continuous energy range (2-400 keV) of HETE-2. In the following, we examine various scenarios to understand the origin of the X-ray emission from GRB 020813.
First, we consider the spectral hardening due to synchrotron self-absorption (SSA). We can define a critical frequency, ν a , where the plasma becomes optical thick, resulting in a hard X-ray spectrum with α = +1 well below ν a (e.g., Sari et al. 1998) . Meanwhile, the high-energy spectral index of GRB 020813, β ∼ −2.15, is that expected from a "fast cooling" of electrons with its power-law index, −2.3 (= 2β+2). Therefore, a sharp spectral break, as observed in GRB 020813, is expected only when the minimum synchrotron frequency, ν m , is degenerate with respect to ν a , such that hν m ∼ hν a ∼ E 0 .
In this particular case, the observed SSA frequency is approximately given as
where z is the redshift, r (cm) the radius of emission volume, n (cm −3 ) the electron number density, and B (gauss) the magnetic field strength (Dermer et al. 2000) . Then, the peak frequency of the synchrotron radiation in the observer's frame is given as (Rybicki, Lightman 1979) . Combining equations (1) and (2) 
In figure 5 , we plot the allowed parameter space for the region size r and the electron number density n of GRB 020813. Here, we have assumed ν a = ν m = 10
19 Hz. Equation (3) is represented by line (I). Then, from the electron energy density, u e ≃ nγ m m e c 2 , and the magnetic field energy density, u B = B 2 /8π, with u e ≡ ξu B , we obtain n = 1.7 × 10 17 ξ ν m 10 19 2 γ m 100
Equations for the cases of ξ = 0.1, 1, and 10 are represented by lines (II) in figure 5 . Finally, from the relation 4 3 πr 3 u e = ǫ e E tot , we obtain n = 2.9 × 10 24 r 10 10 −3 γ m 100
where ǫ e is the fraction of the shock energy given to the electrons and E tot is the total explosion energy of GRB 020813, 1.2 × 10 53 ergs (2−400 keV), calculated from the observed fluence and duration of P1. Equations for the cases of ǫ e = 0.001, 0.1, and 0.5 are represented by lines (III) in figure 5. ergs. Line (I) was derived from the SSA frequency. Lines (II) were derived from relation of the energy density of the electrons and the magnetic field. Here, we used ξ = 0.1, 1, and 10 (from bottom to top). Lines (III) were derived from a calculation of the total energy of the electrons. Here, we used ǫ e = 0.001, 0.1, and 0.5 (from left to right). The crossing point of the three expressions indicated the allowed parameters for the SSA model.
As can be seen in figure 5 , the most likely parameters for the SSA model would be a region defined by the crossing of three different lines. These are n ∼ 4.5×10 12 cm −3 , r ∼ 1.4×10 14 cm, γ m ∼ 450, and B ∼ 2.1 × 10 5 gauss, assuming ξ = 1 and ǫ e ∼ 0.1.
Using these parameters, the peak flux is ∼ 10 9 ergs cm
, where j ν is the synchrotron emission coefficient and α ν is the self-absorption coefficient (e.g., Rybicki, Lightman 1979) . It is more than 15 orders of magnitude different from the observed value, 10 −6 ergs cm −2 s −1 . In other words, in order to observe ν a in the hard X-ray band, we have to choose unusual parameters, such as ǫ e ≪ 10 −10 , in contrast to the standard GRB fireball model (e.g., Piran 1999).
As another possible scenario, we consider the special case that the hard X-ray spectrum is the low-energy end of the inverse Compton emission, which could be a "mirror" of the synchrotron self-absorption spectrum in the radio band (e.g. Liang et al. 1997) . For this case, the synchrotron emission spectrum is boosted by a factor of γ 2 m via inverse Compton scattering of synchrotron photons. Therefore, we assume γ 2 ν a ≡ ν c,a ∼ 10 19 Hz and γ 2 ν m ≡ ν c,m ∼ 10 19 Hz.
In figure 6 , we show the allowed values of n as a function of r for the Synchrotron selfCompton (SSC) model. As in figure 5 , we found parameters of the allowed region: n = 4.6 × 10 4 cm −3 , r = 6.5 × 10 16 cm, γ m ∼ 260, and B = 16 gauss, assuming ξ = 1 and ǫ e ∼ 0.1. Note that a 10 16 cm radius is close to the typical value of the "afterglow" emission, rather than the prompt GRB emission (e.g., Piran 1999). We therefore conclude that the SSC model for the hard X-ray spectrum is also unlikely in the standard fireball scenario. Thus, it is difficult to explain the P1 spectrum of GRB 020813 by either the SSA or SSC model. Therefore, we consider other radiation processes, such as "jitter" radiation and Compton drag effects. Medvedev (2000) pointed out that the radiation emitted by ultra-relativistic electrons in highly nonuniform, small-scale magnetic fields is different from synchrotron radiation if the electron's transverse deflections in these fields are much smaller than the beaming angle. He showed that the spectral power distribution of the radiation produced by the power-law distributed electrons is well described by a sharply broken power-law, ∝ ν 1 for ν ≤ ν jb and ∝ ν −(p−1)/2 for ν ≥ ν jb , where p is the electron power-law index and ν jb is the jitter break frequency (Medvedev 2000) . Therefore, the low-energy depletion (α is larger than the death-line) with a spectral break may be naturally explained by jitter radiation. In this model, the spectral break due to jitter will be observed at 
where γ int is the relative Lorentz factor of two colliding shells, γ int ∼ 2 − 4, and γ e is the initial effective thermal Lorentz factor, γ e ∼ 2 − 3 (Medvedev 2000) . If γ m is close to 1000, ν m can be observed in the X-ray band. In the realistic case, the emergent spectrum is determined by the statistical properties of the magnetic field in the emission region. If the magnetic field is highly inhomogeneous, jitter radiation may overcome the synchrotron radiation, whereas the reverse applies for the uniform magnetic field cases. Therefore, it is possible that the X-ray spectrum of GRB 020813 (P1 region) may be a mixture of jitter radiation with the usual synchrotron radiation component, but detailed modeling of the spectrum is beyond the scope of this paper.
As an alternative idea, Lazzati et al. (1999) and Ghisellini et al. (2000) proposed that the gamma-ray photons that characterize the prompt emission of GRBs are produced through the Compton drag process, caused by the interaction of a relativistic fireball with a very dense soft photon bath. This is an interesting assumption, because some of the GRBs are indeed associated with supernovae, where the expanding star can provide enough soft photons to make the radiative drag effective.
This model accounts for the basic properties of GRBs, i.e., the overall energetics and the peak frequency of the spectrum, with a radiative efficiency of more than 50%. Also note that the GRB should have a very hard spectrum ∝ ν 2 , as expected from the Rayleigh-Jeans law below the peak frequency of the emission. In fact, our spectral shape is in good agreement with the spectra produced by Compton drag for Γ 0 = 300 . The major weakness of this model is that the predicted spectrum is basically thermal, and a typical power-law spectrum is not always produced. Thus, we find that both the jitter radiation and the Compton drag may reproduce the low-energy depletion observed in GRB 020813. However, we note that a complete theoretical interpretation of the data is beyond the scope of this paper. There are other theoretical models that can explain the spectra with low-energy depletion.
Spectrum in P2
The average P2 spectrum is well described by the Band function with α ∼ −1.00 and β ∼ −1.76. In contrast to P1, α falls in the range allowed by the standard synchrotron shock model (SSM). As shown by Sakamoto et al. (2005) , integration of the BATSE and the HETE-2 data revealed that the "typical" GRB spectrum is well represented by a broken power-law (Band) function with α ∼ −1 and β ∼ −2.5. Therefore, the observed break energy corresponds to the peak energy (ν ∼ ν m ) in νF ν space, which is where most of the GRB power is emitted. For the case of P2 in GRB 020813, however, the spectrum is still rising up to > 400 keV.
3 In the standard picture of SSM, such a break could be explained only when ν m is well above the HETE bandpass, which again seems to be quite different from the P1 spectrum. We stress, however, that it does not seem to be strange even if P1 and P2 show quite different spectral features, since they constitute distinct "peaks" both in the light curve and in the hardness ratio (figure 4). According to the internal shock scenario (e.g., Piran 1999), GRB light curves are thought to be produced by the collisions of shells that are moving with different Lorentz factors. A fraction of the bulk kinetic energy is converted to the random energy of electrons, which emit the observed radiation as prompt GRB emission. Since the radiation from each two-shell collision would be observed as a single pulse, P1 and P2 may be attributed to the collisions of different pairs of shells, which are possibly taking place in different physical conditions (e.g., magnetic field, density of material).
A detailed simulation of a collisionless shock plasma predicts that the magnetic field produced in GRB shocks randomly fluctuates on a very small scale of the relativistic skin depth, which is λ ∼ 10 2 cm in internal shocks (Medvedev, Loeb 1999) . Meanwhile, the emitting ultrarelativisitic electrons have much larger Larmor radii. In such situations, jitter radiation may overcome the usual synchrotron radiation, but it is also likely that the large scale fields are also present in the GRB ejecta. Therefore, the dominance of the "synchrotron" and the "jitter" radiation would be determined by a combination of large-scale fields (B LS ) and non-uniform, small-scale magnetic fields (B SS ). We mention in this context that the different observed properties in P1 and P2 may reflect the different balance of large/small-scale magnetic fields, where B SS ≥ B LS for P1 and B SS ≥ B LS for P1 and B SS ≤ B LS for P2, but further study using more data is necessary to confirm this.
Conclusion
In this paper we reported HETE-2 WXM/FREGATE observations of bright and long GRB 020813. Our observational results demonstrate that the peak P1 (17−52 s) of the burst shows a depletion of low-energy photons below about 50 keV. Therefore, we examined various scenarios to understand the origin of such a low-energy depletion. We conclude that it is difficult to explain the depletion by either the SSA or SSC model. One possibility is that the low-energy depletion may be understood as a mixture of "jitter" radiation with the usual synchrotron radiation component. On the other hand, the spectrum of P2 (67−109 s) can be explained by the standard SSM. We believe that the magnetic field is uniform and that synchrotron radiation may overcome the jitter radiation in this region.
